Chronic arsenic exposure can result in adverse development effects including decreased intellectual function, reduced birth weight, and altered locomotor activity. Previous in vitro studies have shown that arsenic inhibits stem cell differentiation. MicroRNAs (miRNAs) are small noncoding RNAs that regulate multiple cellular processes including embryonic development and cell differentiation. The purpose of this study was to examine whether altered miRNA expression was a mechanism by which arsenic inhibited cellular differentiation. The pluripotent P19 mouse embryonal carcinoma cells were exposed to 0 or 0.5 lM sodium arsenite for 9 days during cell differentiation, and changes in miRNA expression was analyzed using microarrays. We found that the expression of several miRNAs important in cellular differentiation, such as miR-9 and miR-199 were decreased by 1.9-and 1.6-fold, respectively, following arsenic exposure, while miR-92a, miR-291a, and miR-709 were increased by 3-, 3.7-, and 1.6-fold, respectively. The members of the miR-466-669 cluster and its host gene, Scm-like with 4 Mbt domains 2 (Sfmbt2), were significantly induced by arsenic from 1.5-to 4-fold in a time-dependent manner. Multiple miRNA target prediction programs revealed that several neurogenic transcription factors appear to be targets of the cluster. When consensus anti-miRNAs targeting the miR-466-669 cluster were transfected into P19 cells, arsenicexposed cells were able to more effectively differentiate. The consensus anti-miRNAs appeared to rescue the inhibitory effects of arsenic on cell differentiation due to an increased expression of NeuroD1. Taken together, we conclude that arsenic induces the miR-466-669 cluster, and that this induction acts to inhibit cellular differentiation in part due to a repression of NeuroD1.
childhood exposure to arsenic is correlated with changes in sensory ability and reaction time, and decreased sense of taste and smell (Rodr ıguez-Barranco et al., 2016; Rosado et al., 2007) , while in adults, arsenic concentrations of 10-50 ppb are associated with altered taste and smell, reduced touch perception, an increase in a tingling sensation in the extremities, and visual processing (Edwards et al., 2014; Hafeman et al., 2005; Kawasaki et al., 2002; Rahman et al., 2003; Mukherjee et al., 2014; O'Bryant et al., 2011) .
Similarly, mice exposed to arsenic cannot appropriately repair a muscle injury because of reduced myogenin expression (Yen et al., 2010) , altered muscle oxygen consumption, and increased expression of matrix remodeling genes (Zhang et al., 2016) . Arsenic exposure also alters spontaneous motor activity, increases body spasms, and decreases forelimb grip strength (Bardullas et al., 2009; Markowski et al., 2012) . In addition, arsenic exposure during the perinatal period decreases learning and spatial memory (Chandravanshi et al., 2014; Luo et al., 2009; Martinez et al., 2008; Martinez-Finley et al., 2009; Nagaraja and Desiraju, 1994; Rodrı guez et al., 2002) . It also reduces the number of neuronal progenitor cells and the formation of new neurons in rodents (Cronican et al., 2013; Liu et al., 2012; Luo et al., 2013; Tyler et al., 2013) .
From in vitro studies, it appears that arsenic impairs cellular differentiation. For example, exposing C2C12 myoblasts to 0.1 lM arsenic trioxide or 20 nM sodium arsenite inhibits myotube formation by downregulating the expression of myogenic transcription factors, such as MyoD and myogenin (Steffens et al., 2011; Yen et al., 2010) . Arsenic also disrupts neuronal differentiation in both PC12 and Neuro-2a neuroblastoma cells (Frankel et al., 2009; Wang et al., 2010) . Our previous work demonstrates that arsenic inhibits the differentiation of mouse P19 embryonal carcinoma cells into sensory neurons by reducing the expression of the neurogenic transcription factors NeuroD and neurogenin 1 and 2 (Hong and Bain, 2012; McCoy et al., 2015) .
One potential mechanism for altering transcription factor expression is via microRNAs (miRNAs). MicroRNAs are small, single stranded, noncoding RNAs that regulate gene expression by typically binding imperfectly to the 3 0 -untranslated region (UTR) of mRNA, leading to targeted mRNA translational repression (Yang et al., 2005) . MicroRNAs can be located in introns or outside of genes (Rodriguez et al., 2004) . If several miRNAs are clustered together, they can be transcribed as a polycistronic transcript. For instance, the miR-290 cluster is a 2.2-kb region on chromosome 7, and the primary transcript generates 14 mature miRNAs which play an important role in embryonic stem cells (Judson et al., 2009) . The miR-466 cluster is located in intron 10 of the mouse Sfmbt2 gene and contains 65 miRNA genes (Lehnert et al., 2011) . There is little information reported on this cluster, although it is known to be involved in cell proliferation and apoptosis, and Sfmbt2 is expressed in embryonic stem cells (Druz et al., 2012; Zheng et al., 2011) . Because of their ability to regulate gene expression, miRNAs play an important role in development. In mice, deletion of the Dicer-1 gene, which cleaves pre-miRNA to produce mature miRNAs, can result in embryonic lethality (Bernstein et al., 2003) . Moreover, mouse embryonic stem cells that lack Dicer-1 have significant defects in cell differentiation (Kanellopoulou et al., 2005) . MicroRNAs can also impact stem cell differentiation into skeletal muscle and neurons. For instance, miR-1 and miR-133 are regulated by the transcription factors MyoD and MEF2 Zhao et al., 2005) , and they are potent repressors of nonmuscle genes during cell lineage commitment (Ivey et al., 2008) . miR-9 and miR-124 are both are highly expressed in the brain (Cheng et al., 2009; Shibata et al., 2011) , and they regulate several neurogenic transcription factors, including Foxg1, Sox9, and Pax6 (Akerblom et al., 2012; Clark et al., 2010; Otaegi et al., 2011) .
Compared with other epigenetic modifications, the effects of arsenic on miRNA regulation are relatively underexplored. For example, in bone marrow mesenchymal cells, arsenic trioxide reduces the expression of miR-204, which increases the differentiation of osteoblasts and reduces the differentiation of adipocytes , while arsenite can induce angiogenesis by decreasing miR-9 and miR-181b expression in a human umbilical vein cell line (Cui et al., 2012) . During the process of malignant transformation, long-term arsenite exposure can alter the expression of miRNAs that target ras in prostate epithelial cells (Ngalame et al., 2014) , reduce miR-199a-50 in lung BEAS-2B cells , and decrease several let-7 family members in HaCaT keratinocyte cells . Because increasing evidence indicates that miRNAs are important in cellular differentiation, and that arsenic exposure can alter miRNAs levels, we hypothesized that a mechanism by which arsenic could inhibit stem cell differentiation was by changing miRNA expression.
In this study, we exposed mouse P19 embryonal carcinoma cells to arsenite during their differentiation into skeletal myotubes and sensory neurons, and determined that several miRNAs known to be involved in cellular differentiation were altered. Interestingly, the miRNA-466-669 cluster, along with its host gene Sfmbt2, were significantly increased following arsenic exposure. When the miR-466-669 cluster was inhibited by anti-miRs, the inhibitory effects on differentiation mediated by arsenic were rescued, in part, due to increases in NeuroD1, a transcription factor which is a target gene of the cluster. These results indicate that miR-466-669 cluster is highly expressed when cells are exposed to arsenic, and that this cluster plays a role in impairing stem cell differentiation.
MATERIALS AND METHODS
Cell culture and differentiation. Mouse embryonal carcinoma P19 cells are commonly used to study the differentiation process because they can differentiate into multiple cell types, including skeletal myocytes, cardiac myocytes, and neurons. P19 cells (ATCC, Manassas, Virginia) were cultured in a-minimal essential medium (MEM) medium (Hyclone, Logan, Utah) with 7.5% bovine calf serum (Hyclone), 2.5% fetal bovine serum (SigmaAldrich, St Louis, Missouri), 1% L-glutamine, and 1% penicillin/ streptomycin (designated as growth medium). Cells were maintained in a humidified incubator containing 5% CO 2 at 37 C.
Cells were exposed to 0 or 0.5 lM arsenic (as sodium arsenite; Sigma) and 1% DMSO during embryoid body formation and differentiation (Liu and Bain, 2014) . Briefly, cells were aggregated for 2 days into embryoid bodies using the hanging drop method (500 cells/20 ll drop). Each embryoid body was transferred to a 96-well ultralow attachment plate for an additional 3 days (day 5). The embryoid bodies were then transferred to a 48-well plate coated with 0.1% gelatin and allowed to differentiate for 4 additional days (day 9). Culture medium was renewed every 48 h.
MicroRNA microarrays. P19 cells were exposed to 0 or 0.5 lM arsenic as sodium arsenite and induced to differentiate for 9 days (n ¼ 2 per group). Cells were harvested, and total RNA was extracted with TRIzol (Life Technologies, Grand Island, New York) with extra ethanol cleaning step to improve the quality of RNA used. The samples were hybridized onto LC Sciences murine miRNA microarray chips (Houston, Texas; Geo Platform GPL21312). The array included probes for all available mature mouse miRNAs (miRBase database, Release 21, July 2014). Fluorescence intensity was corrected by background subtraction and normalized with the statistical mean of all detectable transcripts. Intensity values for the control and 0.5 lM arsenicexposed cells were averaged, and statistical differences assessed using Student's t test. Data analysis was conducted by LC Science.
MicroRNA reverse transcription and miRNA-specific qPCR. Total RNA (1 lg) was used to reverse transcribe miRNA (QuantiMir RT kit, System Biosciences, Mountain View, California). Quantitative real-time PCR was performed with RT 2 SYBR green master mix (Qiagen, Valencia, California) using adapter-specific reverse primers. Gene-specific miRNA forward primers are listed in Table 1 . A standard curve was generated by serial dilution to determine PCR efficiency. Samples were run in triplicate and expression data were analyzed and normalized with U6 as a housekeeper using the comparative threshold (Ct) method (Livak and Schmittgen, 2001 ).
Quantitative PCR. P19 cells were exposed to 0 or 0.5 lM arsenic, induced to differentiate, and collected at day 0, 2, 5, and 9 (n ¼ 3 per treatment group per day). Total RNA were extracted using TRIzol, and 2 lg RNA were reverse transcribed using M-MLV reverse transcriptase (Promega, Madison, Wisconsin). Real-time qPCR was conducted using RT 2 SYBR green (Qiagen) and genespecific primers (Table 1) . A standard curve was generated with 5 concentration points (10 À3 -10 À7 ng cDNA) to quantify expression levels and assess reaction efficiency. Samples were run in triplicate and gene expression data were analyzed and normalized with Gapdh as a housekeeper using the comparative threshold (Ct) method. Gapdh is an often-used housekeeping gene in differentiating stem cells (Willems and Leyns, 2008) , and our present and published studies show that its expression is not changed in P19 cells with arsenic exposures up to 1 lM.
miR-466-669 cluster target prediction. Because the miR-466 cluster appeared to be important in regulating cellular differentiation, potential targets for individual miR-466-467-669 cluster members were initially examined using miRanda (microRNA.org). Because cluster members are presumably transcribed all together, once target genes with good mirSVR scores were initially predicted, we then assessed whether multiple members of the cluster targeted those genes using miRanda (Betel et al., 2010; Enright et al., 2003) . The genes in which at least 5 miRNAs from the cluster were predicted to bind were then validated with TargetScan (targetscan.org) and PITA (genie.weizmann.ac.il/ pubs/mir07/mir07_prediction.html). Only those genes to which miRNAs were predicted by at least 2 of the programs were considered to be potential targets (Table 2) .
Anti-miRNA transfection. Four consensus sequences which target the miR-466-669 cluster were selected for anti-miRNA generation ( Figure 4 ). The oligonucleotides (Integrated DNA Technologies, Coralville, Iowa) were modified by employing 2 0 -O-methyl RNA nucleotides linkages positioned at both ends to block exonuclease attack (Lennox et al., 2013) . P19 cells were transfected with 100 nM miRNA inhibitor using Lipofectamine 2000 (Invitrogen, Waltham, Massachusetts) and allowed to differentiate as described earlier for 5 days with or without 0.5 lM sodium arsenite (n ¼ 3 replicates per exposure group). At day 5, a portion of the embryoid bodies were collected and stored in either TRIzol at À80 C for transcript expression or were fixed overnight in 10% neutral buffered formalin at 4 C for immunohistochemistry. A second portion of the embryoid bodies were 
GTCATGAGTGCCCAGCTTAAT AAGGGCTGCCTTCTGTAAAC Gapdh TGCGACTTCAACAGCAACTC ATGTAGGCCATGAGGTCCAC transferred to gelatin coated plates and cultured for 4 more days without additional anti-miRNA to observe morphological changes. Six individual differentiated embryoid bodies per treatment group were imaged on day 9. The length of differentiating cells moving away from the embryoid body was quantified using ImageJ. Afterwards, cells were collected and stored in TRIzol at À80 C for transcript expression.
Immunohistochemistry. Following overnight fixation of the day 5 embryoid bodies, they were dehydrated in ethanol, cleared in xylene, embedded in paraffin, and cut in 5 lm sections. Citric acid buffer (pH ¼ 6) was used for antigen retrieval. Slides were blocked with 5% bovine serum albumin (BSA) in PBST. The NeuroD1 primary antibody (Abcam, Cambridge, Massachusetts, AB60704; 1:250 dilution) was incubated overnight at 4 C. Slides were incubated in secondary antibodies conjugated to Alexa Fluor 594 (1:2000), and counterstained with DAPI (Invitrogen). Fluorescence intensity was assessed with Nikon Ti Eclipse Inverted microscope, and the expression of NeuroD1 was quantified using ImageJ. In brief, we selected 10 representative cells per field of view for each section, making sure to avoid cells that were undergoing mitosis and those in the center of the embryoid body that would not be undergoing differentiation. The total cell area was traced and average fluorescence intensity quantified. Afterwards, the average nuclear intensity for the same cell was quantified. Cytoplasmic fluorescence was determined by subtraction of the nuclear from the total cell fluorescence. Data from the 10 representative cells were averaged, giving an overall mean per section.
Statistical analysis. Results are expressed as mean 6 SD. Data were analyzed by ANOVA followed by Tukey's or by Student's t test, as appropriate. Statistical significance was achieved at P < .05.
RESULTS
Arsenic Alters miRNA Expression Profiles during P19 Cell Differentiation P19 cells were exposed to 0 or 0.5 lM arsenite during a 9-day differentiation period. Changes in miRNA expression after 9 days were determined (doi: 10.5061/dryad.sc281) using murine miRNA microarrays that contain 1900 mature miRNAs (miRBase Release 21.0). A total of 59 miRNAs were significantly changed, with 27 miRNAs decreased and 32 miRNAs increased, in the arsenic-exposed cells compared with control cells (Figure 1 ). Several of these miRNAs are known to impact development and stem cell differentiation. miR-92a is highly expressed in stem cells and its expression decreases when cells undergo differentiation (Wilson et al., 2009) . miR-291a belongs to the miR-290-295 cluster, which promotes pluripotency and prevents cells from differentiating (Lichner et al., 2011) . miR-709 inhibits adipocyte differentiation by targeting the GSK3b/Wnt signaling pathway . Arsenic exposure to P19 cells increased these miRNAs, which is consistent with the repression of differentiation (Figure 1 ). These changes were validated by miRNA qPCR, in which miR-92a, miR-291a, and miR-709 were all significantly induced in arsenic treated cells by 3-, 3.5-, and 1.6-fold, respectively (Figs. 2A-C). In contrast, miR-9 induces neuronal cell differentiation and miR-199a increases chondrogenesis in the skeletal system (Lee et al., 2009; Lin et al., 2009; Zhao et al., 2009) . Arsenite exposure reduced the expression of miR-9 and miR-199a by 2-and 2.5-fold, respectively (Figs. 2D and 2E). These data suggest that during cell differentiation, arsenic exposure increases miRNAs associated with pluripotency and decreases those associated with cell lineage commitment.
Arsenic Induces the miR-466-669 Cluster and Its Host Gene, Sfmbt2 Clustered miRNAs are often coexpressed, and several studies have shown that they have a small but significant tendency to cotarget the same genes (Hausser and Zavolan, 2014) . As shown in Figure 1 , 10 of the top 31 miRNAs whose expression were increased in response to arsenic are in the miR-466-467-669 cluster. To verify the expression of these 10 miRNAs, qPCR was used. With the exception of miR-466i, all miRNA-466-467-669 family members were significantly induced in the arsenicexposed cells by 1.7-to 3.7-fold ( Figure 3A) . Among those transcripts, miR-466g, -467d, -467a, and -669p have more than 3-fold increase in day 9 cells exposed to arsenic. The miR-466-467-669 cluster is located on chromosome 2 within the 10th intron of the Scm-like with 4 Mbt domains 2 (Sfmbt2) gene. Thus, the expression of the host gene was also assessed by qPCR to see if coregulation of Sfmbt2 and the miR-466-669 cluster existed. Indeed, on day 9, Sfmbt2 expression is induced by 2-fold in the arsenic-exposed cells ( Figure 3B ). We further wanted to determine if the miRNA cluster and host gene expression patterns were similar during embryoid body formation and differentiation, so transcript levels for the 2 most highly expressed cluster member following arsenic exposure, miR-467d and -669p, were selected. Their expression patterns were examined by real-time PCR at days 0, 2, 5, and 9 of P19 cell differentiation. Starting at day 2 of embryoid body formation, Figure 2 . Validation of miRNA transcript levels by qPCR. Day 9 differentiated P19 cells were used to confirm miRNA expression by qPCR (n ¼ 3 per treatment). Significantly changed miRNAs with known roles in development were examined, including miR-92a (A), miR-291a (B), miR-709 (C), miR-199a (D), and miR-9 (E).
Expression values were normalized with U6 snRNA and fold differences calculated from control cells using the delta Ct method. Values are expressed as mean 6 SD and statistical differences were determined by Student's t test (*P < .05).
the levels of miR-467d, miR-669p, and Sfmbt2 were dramatically induced by 11-, 40-, and 55-fold, respectively, as compared with the day 0 cells (Figs. 3C-E) . This suggests that these miRNAs play a role in early embryonic stem cell differentiation. As time goes on, expression of all 3 transcripts decreases in the control cells, while the levels remain higher and decline more slowly in the arsenic-exposed cells. For example, at day 5, the highest point of transcript expression, miR-467d, miR-669p, and Sfmbt2 were induced by arsenic by 3-, 3-, and 2-fold, respectively (Figs. 3C-E). Sfmbt2 has a similar pattern of expression as the miR-466-669 cluster suggesting that increased transcription of the host gene drives expression of this miRNA cluster.
Potential Targets of miR-466-669 Cluster Members Include Neurogenic Transcription Factors
With multiple members of the miR-466-669 cluster induced by arsenic, we wanted to examine potential target genes involved in cellular differentiation processes. Initially, we used miRanda (microRNA.org) to examine target mRNAs for each of the 65 cluster members. The list was narrowed down by requiring at least 5 members of the miR-466-669 cluster be predicted to bind to the gene's 3 0 -UTR. Next, we used 2 other miRNA prediction tools, PITA analysis (genie.weizmann.ac.il/pubs/mir07/mir07_-prediction.html) (Kertesz et al., 2007) and TargetScan (targetscan.org) (Agarwal et al., 2015) to examine their prediction consistency across the 3 different platforms. From these criteria, we developed a list of 6 potential genes involved in neurogenic differentiation in which at least 2 different programs predicted a particular miRNA to bind to the transcript (Table 2) . NeuroD1 had the highest number of miRNAs predicted to bind to it, with 25 cluster members predicted using miRanda and 14 miRNAs predicted using at least 2 programs, while NeuroD4 had 20 cluster members predicted using miRanda and 18 miRNAs predicted using at least 2 programs (Table 2 ). Arsenic exposure induces members of the miR-466-669 cluster along with its host gene, Sfmbt2. P19 cells were differentiated and RNA was extracted from cells exposed to 0 or 0.5 lM arsenite on days 0, 2, 5, and 9 (n ¼ 3 per treatment per day). MicroRNA or mRNA expression was determined by qPCR. Day 9 samples were used to determine the expression of miRNA-466-669 cluster genes (A) and the host gene Sfmbt2 (B). Samples from days 0, 2, 5, to 9 were used to determine the expression of miR-467d (C), miR-669p (D), and Sfmbt2 (E). Expression values were normalized with U6 snRNA for the miRNAs, and Gapdh for Sfmbt2. Fold changes were compared with unexposed cells, and time-dependent qPCR expression fold changes were compared with day 0 unexposed cells. Data are shown as mean 6 SD. Statistical differences were determined by ANOVA followed by Tukey's test or by Student's t test (*P < .05). 
miR-466-669 Cluster Members Share Multiple Consensus Sequences
Because we could not transfect anti-miRNAs of all cluster members simultaneously, consensus anti-miRNAs were designed. Clustal Omega was used to determine sequence similarity between all mature miRNA sequences within this cluster (miRBase version 21). The cluster sequences used included 26 members of the miR-466 family, 13 sequences in the miR-467 family, and 26 sequences in the miR-669 family. A total of 24 miRNA-3p members have high degree of similarity, as shown in consensus sequence 1 ( Figure 4A ). This first consensus sequence is modified from another study which aligned all miRNA-3p members together . Interestingly, 15 of the -3p members share the seed sequence, UAUACAU, with 2 individual cluster members being in the miR-466 family, 6 members belonging to the miR-467 family, and 7 members being in the miR-669 family ( Figure 4A ). The miRNA-5p members clustered together but did not have the same degree of similarity to each other. So, these were subdivided into 3 additional clusters with miR-466 (h-5p, j, m-5p) grouping together ( Figure  4B ), miR-467 (a, b, c, d, e, h-5p) grouping together ( Figure 4C ), and miR-669 (a, b, c, d, e, f, l, o, n-5p) grouping together ( Figure  4D ). These sequence similarities suggest that these miRNA families may work together and target similar transcripts.
Inhibition of the miR-466-669 Cluster Rescues the Inhibitory Effects of Arsenic on Stem Cell Differentiation
To evaluate the effects of the miR-466-669 families on stem cell differentiation and its inhibition by arsenic, each of the 4 consensus anti-miRNAs ( Figure 4 ) were added during cell differentiation from days 0 to 5, when cells were cultured with or without 0.5 lM arsenic ( Figure 5 ). A portion of day 5 embryoid bodies were harvested for qPCR and immunohistochemistry. The remaining embryoid bodies were grown out to day 9 for qPCR and morphological analyses. When cells were transfected with all 4 consensus inhibitors (mixed anti-miRNAs), the cells exposed to arsenic were now able to form neuronal cells, indicating a rescue effect ( Figure 5A ). To quantify the relative amount of differentiating cells, their migration distance away from the embryoid body was measured. On average, the unexposed embryoid bodies had differentiating cells migrating out to 0.87 mm ( Figure 5B ). The cells exposed to arsenic had 5.1-fold less differentiating cells relative to control. When cells were transfected with consensus anti-miRNAs, the relative amount of differentiating cells was restored to control levels ( Figure 5B ). Lastly, to confirm the morphological observation that these differentiating cells were neurons, mRNA levels of NeuroD1 were assessed by qPCR arsenic exposure during the 9 days of differentiation reduced the number of NeuroD1 transcripts by 2-fold, while transfection of the consensus anti-miRNAs restored the level of NeuroD1 mRNA back to control levels ( Figure 5C ). To verify if the miRNAs themselves were knocked down by mixed anti-miRNAs, primers for the 4 individual consensus sequences were designed. Expression of each consensus sequence was examined in day 5 embryoid bodies treated with a scrambled miRNA or a mixture of the 4 consensus anti-miRNAs. Arsenic exposure significantly induced the expression of consensus sequences 1 and 3 by 1.5-to 2-fold over control cells (Figs. 6A and 6C ). Consensus sequence 1 contains mostly the miR-466-3p's, miR-467-3p's, and miR-669-3p's while consensus sequence 3 contains the miRs-467-5p's. Importantly, the induced expression by arsenic in the consensuses 1 and 3 groups was knocked down to control levels when treated with the mixed anti-miRNAs (Figs. 6A and 6C ), while expression of consensuses 2 and 4 was not altered by either arsenic or antimiRNA transfection (Figs. 6B and 6D) . The expression of a representative consensus sequence 1 miRNA, miR-669a-3p, was examined by qPCR. Arsenic induced its expression by 1.8-fold, and the mixed anti-miRNA transfections knocked down its expression in both control and arsenic-exposed cells ( Figure 6E ). To determine if the inhibitory effects are due to the miRNAs themselves or their host gene, Sfmbt2 expression was also examined by qPCR. Arsenic significantly induced Smbt2 expression whether or not the anti-miRNAs were added ( Figure 6F ), Figure 4 . The miR-466-669 cluster share sequence similarities. Sequences of mature miRNA from the miR-466-669 cluster were aligned using Clustal Omega. All mature sequences were initially aligned together and then were subdivided into 4 major groups which have high similarity. The highlighted nucleotides were used to derive the 4 consensus sequences (as light blue). An asterisk indicates the sequence identity among all miRNAs within the group. with 100 nM anti-miRNA oligonucleotides which target 4 consensus sequences of the miRNA-466-467-669 cluster. Cells were coexposed to 0 or 0.5 lM arsenic for the 5 days of embryoid body formation. Only the arsenic exposure was maintained for the entire 9 days of differentiation, after which cell morphology was observed.
Transfections include oligonucleotides sequences that do not target any miRNAs, designated as negative control, (N.C.), and a mixed transfection that combined all consensus anti-miRNAs. Arrows indicate neuronal cells (A). The distance of cells differentiating away from the embryoid body was quantitated using ImageJ and is expressed in mm (n ¼ 6 replicate embryoid bodies per group) (B). mRNA levels of the neuronal cell marker NeuroD1 on day 9 was assessed by qPCR (C). mRNA expression levels were normalized with Gapdh using the comparative delta Ct method. Fold changes were compared with N.C. anti-miRNA. Data are shown as mean 6 SD. Two-way ANOVA followed by Bonferroni (P < .05) was run to determine interactions and statistical differences between arsenic concentrations (*) and between the N.C. anti-miRNA and consensus anti-miRNA transfections (#). inhibitors, with or without 0.5 lM arsenic (n ¼ 3 replicates), allowed to form embryoid bodies for 5 days, and examined for mRNA expression of each of the 4 consensus sequences (A-D), 1 individual miRNA, miR-669a-3p (E), the host gene Sfmbt2 (F), and a known target gene for the consensus 1 cluster, Lats2 (G). mRNA expression levels were normalized with Gapdh, and miRNA expression levels were normalized with shRNA U6, using the comparative delta Ct method. Fold changes were compared with N.C. anti-miRNA. Data are shown as mean 6 SD. Two-way ANOVA followed by Bonferroni (P < .05) was run to determine interactions and statistical differences between arsenic concentrations (*) and between the N.C. anti-miRNA and consensus anti-miRNA transfections (#) in (A-F). A 1-way ANOVA followed by Tukey's test (P < .05) was run to determine significance (#) in (G).
and there was a significant inhibition in Sfmbt2 expression when the mixed anti-miRNAs were added to the arsenic-exposed group. Finally, we assessed whether the anti-miR transfection could increase the level of Lats2, a known target of miR466f-3p (Zheng et al., 2011) . Indeed, the mixed consensus antimiRNAs transfection significantly increases Lats2 levels by approximately 1.6-fold ( Figure 6G ). These results imply that the mixed anti-miRNAs are functional and active.
Members of the miR-466-669 Cluster Repress NeuroD1 Expression Transfection of consensus anti-miRNA mixture morphologically restored cellular differentiation, particularly into neurons ( Figure 5A ) and miRNA target prediction tools suggested that several transcription factors were likely targets of the miR-466-467-669 cluster (Table 2 ). So, we determined whether transfection of the mixed consensus anti-miRNAs could restore the expression of one of these predicted transcription factors, NeuroD1. When NeuroD1 protein expression was examined by immunohistochemistry ( Figure 7A ), exposure to 0.5 lM arsenic for 5 days reduced both total and nuclear expression of NeuroD1 by 1.5-and 1.6-fold, respectively ( Figure 7B ). Coexposure with the mixed consensus anti-miRNAs significantly rescued NeuroD1 expression in the arsenic-exposed cells ( Figure 7B ). Similarly, NeuroD1 transcript levels were reduced by 1.4-fold in the arsenic-exposed cells, and the mixed consensus antimiRNAs were able to rescue NeuroD1 mRNA expression back to control levels ( Figure 7B ). NeuroD2 and NeuroD6 are not expressed in differentiating P19 cells (data not shown), so levels of these 2 transcription factors were not examined. NeuroD4 is expressed but its mRNA levels were not changed by anti-miRNA transfection (data not shown). These results suggest that the miR-466-467-669 cluster is induced by arsenic, and these miRNAs act to reduce cellular differentiation by inhibiting transcription factors important in cell fate determination, such NeuroD1.
DISCUSSION
This study demonstrates that arsenic can impair stem cell differentiation by altering miRNA expression, including miR-9, miR-92a, miR-199a, miR-291a, miR-709 , and members of the miR-466-467-669 cluster. In addition, these data ascribe a novel function for the murine miR-466-467-669 cluster in embryonic stem cells. This cluster appears to be inhibiting the expression of NeuroD1, thereby reducing the cell's ability to differentiate into neurons.
Previous studies have shown that arsenic at concentrations between 0.1 and 0.5 lM inhibit P19 embryonic stem cell differentiation into skeletal muscle and sensory neurons (Bain et al., 2016; Hong and Bain, 2012; Liu and Bain, 2014; McCoy et al., 2015) . One potential mechanism for this inhibition is through changes in miRNA expression in arsenic-exposed cells, as miRNAs have been shown to play a role in arsenic toxicity and carcinogenesis (reviewed in Bustaffa et al., 2014; Paul and Giri, 2015; Ren et al., 2011) . Comparing over 1900 miRNAs from the control and arsenic-exposed P19 cells undergoing differentiation indicated that 10 of the top 31 miRNAs whose expression was increased in response to arsenic are in the miR-466-467-669 cluster.
The miRNA-466-467-669 cluster is one of the largest miRNA clusters in mice and rats and is located in the 10th intron of the Sfmbt2 gene, a polycomb group protein (Lehnert et al., 2011) . Studies have implicated changes in the expression of this cluster following alterations in glucose levels. For example, miR466h is induced in chinese hamster ovary (CHO) cells treated with nutrient-depleted or low glucose media, which induces apoptosis (Druz et al., 2011 (Druz et al., , 2012 . In contrast, high levels of glucose in neural stem cells can reduce the expression of miR466a-3p and miR-466d-3p (Shyamasundar et al., 2013) . Our studies show that arsenic exposure during P19 stem cell differentiation increases the expression of multiple members of the miR-466 cluster, with these 3 specific transcripts: miR-466a, -466d, and -466h being increased, albeit not significantly based upon the arrays. We did not validate the expression these specific transcripts using qPCR. However, these specific miRNAs all do fall within the consensus 1 sequences, as shown in Figure 4 .
Several additional studies have shown that the miR-466-467-669 family members appear to be involved in cellular differentiation in a variety of cell types and models. For example, miR-466 family members are increased in bone marrow-derived progenitor cells derived from diabetic animals. These animals have reduced angiogenesis, which is a result of the miR-466 family members targeting and decreasing the expression of angiopoetin (Wang et al., 2017) . Similarly, miR-466 reduces lymphangiogenesis in primary lympathic endothelial cells by targeting a pro-lymphatic transcription factor called Prospero homeobox 1 (Prox1). This reduction in lymphangiogenesis can be rescued by a miR-466 inhibitor (Seo et al., 2015) . In primary murine neural stem cells, decreased expression of miR-466a-3p and miR-466d-3p results in increased doublecortin levels, along with an increase in neurogenic differentiation (Shyamasundar et al., 2013) . Similar to the studies described earlier, our data indicate that both miR-466a-3p and -466d-3p are increased by approximately 2-fold in the stem cells with impaired differentiation following arsenic exposure. Taken together, these data imply that one function of the miR-466-467-669 cluster is to regulate cellular differentiation.
Because multiple members of the miR-466-467-669 family were increased following arsenic treatment, an approach that involved developing consensus sequences for the 65 cluster members was undertaken so that anti-miRNAs could be produced. Using Clustal analyses, 4 separate consensus sequences were identified, with the -3p sequences falling into consensus 1 and the -5p sequences being divided into the consensuses 2-4 groups. Because arsenic inhibits differentiation into neurons, target genes discovered by in silico analyses included NeuroD1, NeuroD2, NeuroD4, NeuroD6, Neurogenin 1, and Neurogenin 2. Several of these genes have been previously shown to be inhibited after arsenic exposure (Hong and Bain, 2012; Liu and Bain, 2014; McCoy et al., 2015) . Transfection of consensus antimiRNAs designed to inhibit most members of the miR-466-467-669 cluster showed that neurogenesis was increased when the cells were exposed to arsenic, likely due to the increased expression of NeuroD1. These results imply that the miR-466-467-669 cluster reduces neurogenesis by targeting transcription factors required for neuronal differentiation. Although NeuroD2 and 6 are potential targets genes for the miR-466-669 cluster, they are not expressed in differentiating P19 cells. They both appear to play a role in corticogenesis and the maintenance of pyramidal neurons (Bormuth et al., 2013) , and thus, they are unlikely to be expressed using our procedure, in which the cells differentiate into sensory neurons.
In addition to the miR-466-467-669 cluster miRNAs such as the miR-290 cluster are also important in maintaining stem cell pluripotency and inhibiting embryonic stem cell differentiation into multiple lineages (Sinkkonen et al., 2008) . Interestingly, several members of miRNA-290 cluster were induced by arsenic in our microarray, including a 4-fold induction of miR-291a and miR-291b, a 2-fold induction of miR-290a, a 2.8-fold induction of miR-292a, and a 4.7-fold fold induction of miR-294. We further Figure 7 . Mixed consensus miRNA inhibitors rescue arsenic's inhibitory effects on NeuroD1 expression. P19 cells were transfected with a combined mixture of the 4 anti-miRNAs, with or without 0.5 lM arsenic (n ¼ 3 replicates per anti-miRNA and per exposure group), and allowed to form embryoid bodies for 5 days.
Immunohistochemistry was used to examine expression of NeuroD1 protein (red) in the embryoid bodies. Cells were counterstained with DAPI (blue) to indicate the nuclei (A). High magnification images of cells are shown in the (A) inserts. For 10 representative cells (examples are shown in the blue boxes), expression of NeuroD1 in the whole cell, cytoplasm, and nuclei were quantified using ImageJ (B). NeuroD1 transcript levels were quantified by qPCR, and normalized with Gapdh using the comparative delta Ct method with fold changes compared with N.C. (B). Data are shown as mean 6 SD. Two-way ANOVA followed by Bonferroni (P < .05) was run to determine interactions and statistical differences between arsenic concentrations (*) and between the N.C. anti-miRNA and consensus anti-miRNA transfections (#).
determined the time-dependent expression of the most significantly induced family member, miR-291a by qPCR. As the cells were undergoing differentiation, miR-291a levels decreased by 3.2-fold on day 5 and 4-fold on day 9. However, arsenic exposure kept miR-291a at nearly the same levels as in day 0 stem cells (Supplementary Figure 1) . This indicates that cellular pluripotency is maintained when cells are exposed to arsenic. However, mechanisms by which arsenic induces the miR-290 cluster expression are not known.
Several studies report that arsenic alters miRNA expression. Lung epithelial cells chronically exposed to 1 lM sodium arsenite for 26 weeks were transformed into cancer-like cells that had significantly reduced miR-199a expression . Interestingly, the reduction of miR-199a is consistent with our expression data. This reduction may indicate that altered miR199a expression occurs as a result of arsenic exposure, or occurs when cells are not differentiating appropriately. As measured by the arrays and by qPCR, miR-9 is significantly reduced by 2-to 3-fold in arsenic exposed embryoid bodies. miR-9 is known to be induced during neural lineage differentiation, and its inhibition blocks neurogenesis in embryonic stem cells (Krichevsky et al., 2006) . This indicates that miR-9 plays an important role during embryonic development and reduction by arsenic might also be involved in the inhibitory effects seen in our study.
Collectively, our results indicate that low-level arsenic exposure to P19 embryonic stem cells during their differentiation alters the expression profile of miRNAs, including multiple members of miRNA-466-467-669 cluster, along with their host gene Sfmbt2. These miRNAs appear to inhibit neurogenesis by targeting NeuroD1. These data ascribe a novel mechanism for arsenic's ability to inhibit cellular lineage development.
